SWAT Karst Mediterranean Water balance Multi-site calibration Crete s u m m a r y Crete Island (Greece) is a karst dominated region that faces limited water supply and increased seasonal demand, especially during summer for agricultural and touristic uses. In addition, due to the mountainous terrain, interbasin water transfer is very limited. The resulting water imbalance requires a correct quantification of available water resources in view of developing appropriate management plans to face the problem of water shortage.
Introduction
''Karst" identifies a specific geological landscape and morphology formed by the dissolving action of water on soluble carbonate rocks such as primarily limestone, but also marble, dolomite, and gypsum. These rocks are mechanically strong but chemically soluble with high degree of secondary porosity. As a consequence, the hydrological cycle provides the primary source of energy for karst formation because water is the solvent that dissolves carbonate rocks and then carries the ions away in solution (Williams, 2004) .
The process of dissolution ('karstification') leads to the development of caves, sinkholes, springs and sinking streams that are typical features of a karst system. With progressing karstification, groundwater flow in the karst aquifer develops from a flow in an interconnected fissure network to a flow concentrated in several large pipes, interconnected cavities and cave systems (EC, 2003 (EC, , 2004 . The downstream end of a karst system usually is a spring where the underground conduit reaches the surface as an output point from an extensive network of groundwater conduits (Smart and Worthington, 2004) .
In Europe, soluble carbonate rocks are widespread in Western, Southern and Eastern part covering 35% of whole Europe (Daly et al., 2002) , so that the karst processes are significant components of the physical geography of Mediterranean basins. In particular, limestones reach great thickness in Spain, southern France, Italy, the Balkan Peninsula, Turkey and in many islands in the Mediterranean (Crete, Majorca and Sicily). As a consequence, karst aquifers and springs are an important source of water supply for Mediterranean countries and special strategies are required to manage the quantity and quality of their waters. Bakalowicz (2015) pointed out the importance to study the karst aquifer functioning and the local geological evolution in order to manage in realistic and sustainable way the water resources. The monitoring and management of these resources are recognized in Europe as an essential issue and the European Union prompted the creation of COST Actions 620 and 621 to develop a comprehensive methodology for risk assessment and for the sustainable management of karst systems (EC, 2003 (EC, , 2004 . Unfortunately, most countries are lacking behind in monitoring the discharge of springs or wells and the exploitation of karst aquifers in generally is inappropriate (Bakalowicz, 2015) .
In this context, large scale hydrologic models are essential tools for watershed management at regional scale. Regional scale models with an appropriate discretization of watershed can adequately account for the spatial heterogeneity improving water predictions (Wooldridge and Kalma, 2001) . A variety of karst models have been developed and applied to karst watersheds (Nikolaidis et al., 2013) . Recently, Hartmann et al. (2015) presented for the first time the simulations of groundwater recharge in Europe with a gridhydrological model (VarKarst-R) pointing out the importance of a characterization of subsurface heterogeneity. Baffaut and Benson (2009) modified the SWAT (Soil and Water Assessment Tool) model to simulate faster aquifer recharge in a Missouri karst watershed (SWAT-B&B) modifying deep groundwater recharge equations, increasing the hydraulic conductivity of sinkholes simulated as ponds and losses from streams. After that, Yachtao (2009) further modified the SWAT model in order to improve the simulation of water quality and quantity in the Opequon Creek watershed (USA). The author introduced two new parameters for simulating the hydrology and nitrate transport in a sinkhole and losses from sinking streams. More recently, Wang and Brubaker (2014) proposed a non-linear modification of groundwater algorithm in SWAT (ISWAT) improving the recession and low-flow simulation. Nikolaidis et al. (2013) developed a reservoir model approach linked with SWAT to simulate karst's behavior and the recharge of springs of Koiliaris basin in Crete adding five new parameters.
All these studies indicate that a specific parameterization of aquifer discharge, return flow, stream losses and sinkholes is required in karst watersheds. In addition, showed that a specific database of karst SWAT soils should be used to assess the influence of soil hydrological process in a karst region.
In this paper the SWAT model was integrated with a karst-flow model (Nikolaidis et al., 2013; Tzoraki and Nikolaidis, 2007) . Karstsubbasins were defined in order to reproduce more accurately the water balance at regional scale.
This integrated model, KSWAT model, was applied to the Island of Crete, one of the most intensively managed Mediterranean islands, where the major water use is irrigation (84.5% of the total consumption) and the main water source is karst aquifers. The growing water demand of the region makes the rational management of water resources extremely important in view of a sustainable development. Consequently, the specific objective of this study is the development of a large scale methodology for the quantification of a spatially explicit water balance of karstdominated geomorphologies using the SWAT model in order to assess the sustainability of water use in the Island of Crete and potentially to other areas.
Materials and methods

Study area
The Island of Crete occupies the southern part of Greece and is the largest island of Greece and the fifth in the Mediterranean. The Island covers an area of 8336 km 2 and is divided into prefectures, including from east to west: Lasithi (1810 km 2 ), Heraklion (2626 km 2 ), Rethymno (1487 km 2 ) and Chania (2342 km 2 ) (Fig. 1a) . The maximum length of the Island is 269 km and the maximum width 60 km. Four main mountains run west to east: the White Mountains in the west (2453 m), Idis mountain (2456 m) in the center, Asterousian (1280 m) in south Heraklion and Dikti (2148 m) in the east (Baltas and Tzoraki, 2013) .
The Island of Crete is characterized by a dry semi-humid Mediterranean climate with dry and warm summers and humid and relatively cold winters where mean annual rainfall decreases from west to east and from north to south, but increases with altitude (MEDIWAT, 2013) . Annual precipitations are highly variable ranging between 300 mm in coastal areas and 2000 mm in headwaters in White Mountains. The mean annual temperature ranges from 18.5°in the west to 20°in the south of island and decreases with altitude.
The mountainous areas, in particular in the western part, have mountainous climate. As a consequence, Crete contains subregions with very different hydrological characteristics.
Crete has about 2550 km 2 of agriculture land, about 30% of 
The karst geology and hydrology of Island of Crete
The geology of Crete is composed of carbonate rocks (limestone, marble and dolomite) which allow water to penetrate, creating major karst formation (Baltas and Tzoraki, 2013) . More than 30% /y in the sea. Submarine discharges can be found in the southern part of Lefka Ori, Souda bay, Bali bay, Mallia bay, Elounta, Skinia, and the eastern part of the limestones of Zakros (MEDIWAT, 2013).
Streamflow and springs measurements
Stream and spring discharge measurements were provided by the bureau of Water Resources at the Decentralized Administration of the Region of Crete that deals with data elaboration and the assessment of their accuracy. The stream measurements at 25 permanent locations were conducted using a continuous graphic record of the water depth. For a comprehensive description of continuous measurements of water depth, the reader can refer to Rantz et al. (1982) .
These measurements were then converted to streamflow rate with an established rating curve (streamflow, m 3 /s vs water depth, m) calculated every year for each monitoring station following the procedure described in Buchanan and Somers (1976) . The streamflow-water depth relationship was adopted to calculate the streamflow at daily time step, and then aggregated at monthly time step. The available dataset for this study included 22 gauging stations because the streamflow stations STR30 and STR29 were excluded due to their uncertain localization and drain areas. STR5 was also excluded because observed data were lacking during the study period 1980-2009. The spring's discharges measurements were directly calculated by measuring velocity once a month on surveyed cross-sectional channel geometry at 47 permanent locations. The only exception was the Almiros spring for which only the calculated monthly discharge was available. Table 1 summarizes the streamflow and springs data utilized in this study.
Approach for the prediction of karst water resources
The proposed karst modeling approach links the process-based model SWAT and a karst-flow model (Nikolaidis et al., 2013) . Fig. 2 represents the sequential steps of our approach that involved the setup of SWAT model, the identification of karst subbasins in which a modified version of SWAT model was applied, the calibration of streamflow at selected gauging stations (step-wise calibration), the regionalization of calibrated parameters for ungauged subbasins, the spring's discharges calibration outside the SWAT model using the karst-flow model and finally the introduction of calibrated discharge of springs as a point sources in the SWAT model. The overall procedure included the use of hard and soft data. Hard data are defined as long-term, measured time series, typically at a point within a watershed, while soft data are defined as information on individual processes within a budget that may not be directly measured within the study area, generally from literature information . In this study long time series of 22 streamflow and 47 of spring monitoring stations were used as hard data, while for instance literature information of the extension of karst recharge areas, as soft data. This approach enables the dialog between local experts, experimentalists and modelers, increases the reliability of the model results in ungauged areas and helps to better constrain model parameters (Seibert and McDonnell, 2002) .
The SWAT model
The SWAT model (Arnold et al., 1998) model is a continuoustime, semi-distributed, process based river basin model, originally developed to predict the long-term impact of climate and land use management practices on water, sediment, and agricultural chemical yields in large complex basins. SWAT uses the water balance approach to simulate watershed hydrologic partitioning. In particular, the water balance is calculated considering the snow, soil, shallow aquifer and deep aquifer components.
The watershed is first subdivided into subbasins and each subbasin into hydrologic response units (HRUs) that are a function of soil type, land use and land slope. The main components of the model are: weather, hydrologic mass balance, soil temperature and soil properties, plant growth, nutrients cycling, and sediments yield. SWAT runs on a daily time step. For specific aspects of SWAT, Neitsch et al. (2010) provide a complete description in the theoretical documentation of the model.
2.4.2.
Adapting SWAT model to simulate karst processes SWAT2012 (v.622) uses two linear reservoirs to partition groundwater into two aquifer systems (Fig. 3a) : a shallow aquifer which contributes baseflow to streams (GWQ 1 ) and a deep aquifer which can also contribute baseflow to streams (GWQ 2 ). The remaining portion in the deep aquifer (DA_RCHRG -GWQ 2 ) can be considered lost from the system. The recharge for a specific day is calculated as a linear function of the daily seepage, the recharge of the previous day and the groundwater delay. Daily seepage includes seepage through the soil profile, through ponds or wetlands and loosing streams (tributaries and main channels). All seepage losses are added together and assumed to travel vertically to the aquifer with the same velocity. The baseflow from the shallow aquifer GWQ 1 is calculated through the aquifer recharge (GW_RCHRG, mm H 2 O), the deep aquifer recharge (DA_RCHRG, mm H 2 O) and the baseflow recession constant (ALPHA_BF, 1/day). Similarly, the baseflow from the deep aquifer (GWQ 2 ) depends on the deep aquifer recharge and on the deep-baseflow recession constant (ALPHA_BF_D, 1/day).
In order to simulate the specific characteristics of karst aquifers (i.e. fast infiltration, movement of water in cave systems) and to calculate the contribution of the karst areas to streamflow as spring flow, the SWAT model structure (Fig. 3a) was adapted as shown in Fig. 3b .
This new SWAT Model structure ( Fig. 3b ) was the result of the combination of two main studies: Baffaut and Benson (2009) and Nikolaidis et al. (2013) and represents the concept of the karst model and its hydrological pathways. Hereafter, this model configuration is called KSWAT and combines an adapted SWAT model and a karst-flow model.
In particular, the adapted SWAT model considers fast infiltration through caves and sinkholes up to the deep-aquifer, while the karst-flow model represents the fast movement of water in subterranean conduits and the lower movement in narrow fractures through the interconnection of reservoirs structure.
The adapted SWAT model consists in representing sinkholes by wetlands with small drainage area and a large hydraulic conductivity at the bottom of the wetlands and loosing streams were represented by tributary channels with high hydraulic conductivity in the stream bed.
All the percolation in the soil profile, stream losses and seepage from the bottom of wetlands directly recharges the deep aquifer (DA_RCHRG, mm H 2 O). This is achieved by setting the deep aquifer percolation fraction (RCHRG_DP) to 1, imposing minimum groundwater delay (GW_DELAY equal to 1) and setting the groundwater coefficient of capillarity rise (''revap") 0.1 in order to avoid that water moves from shallow into the overlying unsaturated zone while the baseflow from shallow and deep aquifers was imposed negligible ( Table 2) .
The spring's discharge was simulated with a karst-flow model developed in ''Excel" environment by Nikolaidis et al. (2013) . The input was the daily deep aquifer recharge (DA_RCHRG, mm) calculated by the SWAT model.
The karst-flow model is composed by an upper reservoir with faster response that represents wide conduits in a karst system and a lower reservoir with a slower response that simulates narrow fractures (Kourgialas et al., 2010) .
The karst-flow model uses the deep aquifer recharge of the surrounding subbasins and involved at the same time the simulation and calibration of springs discharges. The procedure required the contribution/exclusion of deep aquifer recharge of nearest subbasins and the manually adjustment of five parameters of karstflow model minimizing the Normalized Root Mean Square Errors.
These five parameters included: Q ko , the initial karst flow (m 3 /day), a 1 the fraction of deep groundwater discharge entering the upper reservoir, a 2 the fraction of flow from the upper reservoir discharge entering the lower reservoir and k u and k l were recession constants (1/d) for the upper and lower reservoirs (Table 2) . For further details of karst-flow model equations, the reader can refer to Nikolaidis et al. (2013) who provided a complete description.
The outputs of the karst-flow model were then introduced in SWAT as point sources with aggregated values at monthly time step.
This modified SWAT was applied only in the karst-subbasins identified by three dominant soils that were strongly correlated to the karst areas of the Geological Map ( Fig. 4b and c) . According to the European Soil Database these are Leptosols (European Soil Portal, 2014) , poorly developed and shallow soils over hard rock and comprise of very gravelly or highly calcareous material.
However, the use of the ''dominant karst soils" sometimes was limiting since in some cases the size of the subbasins (about 20 km 2 ) and the fragmentation of soils inside the subbasin did not allow identifying it as ''karst subbasin". This occurred for instance in the south-central part of the Island in Kourtaliotis Basin (corresponding to Kourtaliotis river basin in Fig. 1c ), where this limitation was overcome using literature information (i.e. Steiakakis et al., 2011) and the geological map. Thus, both karstsoils extension and the geological map were used to identify the karst-subbasins where the KSWAT model was applied. It is Table 2 Parameters and parameter ranges used in the calibration (in alphabetic order), in the adapted SWAT model and in the karst-flow model. In column ''Process" the information about the order and group of calibration processes: 1, snow process; 2, runoff process; 3, lateral flow process; 4: groundwater process; 5: karst process. noteworthy that the extension of wetlands inside each karstsubbasin was defined using the geological map, generally covering the entire subbasins where the karst-soils are dominant, or only a percentage of subbasin area as in the case of the Kourtaliotis Basin. The resulted area covered by the karst-subbasins was estimated around 2600 km 2 .
Model setup
The SWAT model requires pedological, climatological, topographical and land use data. Subbasins were delineated using the ArcSWAT interface with a Digital Elevation Model of 25 m pixel size (EU-DEM; Bashfield and Keim, 2011) . The Digital Elevation Map was obtained from a Pan-European elevation data at 1 arcsecond (EU-DEM). Subbasins and streams were defined using a drainage area threshold of 1000 ha resulting in 352 subbasins with an average area of 19 km 2 covering 6700 km 2 (Fig. 4a ).
Land cover was derived from a 1 km raster map built from the combination of CAPRI (Britz, 2004) , SAGE (Monfreda et al., 2008) , HYDE 3 (Klein and van Drecht, 2006) and GLC (Bartholome and Belward, 2005) for the year 2005. Land use was obtained from the Agriculture statistics of Greece (2005) . For each subbasin the ''dominant land cover approach" was used in order to reduce the complexity and the computational level of the model. Six classes of dominant land cover were defined: arable land, pasture, forest, urban area, water and range grasses. Each subbasin with dominant arable land cover was further subdivided in three parts (15-35-50% of subbasin area) in order to distribute more accurately the crops reported by the Agricultural census. Soil type and characteristics were defined using a 1 km soil raster map, obtained from the Harmonized World Soil Database (HWSD) (FAO, 2008) .
From the combination of land use, dominant soils, and single slope for each subbasin the final configuration resulted in 502 HRUs (Hydrological Response Units) with an average area of 13 km 2 . The management practices for each crop included planting, fertilization, irrigation and harvesting. The simulated timing of plant sowing and harvesting were implemented in SWAT through daily heat unit concept. In this study the heat units for each crop were calculated by Bouraoui and Aloe (2007) using the PHU (Potential Heat Units) program (PHU, 2007) , developed at Texas Agricultural Experiment Station. The PHU program calculates the total number of heat units required to bring a crop to maturity. For each crop the crop growing season (winter versus spring crop), the base growing temperature (°C), the optimum growing temperature (°C), the dry down fraction, the time to maturity (number of days between planting and harvesting) were considered as input in the PHU program. These attributes were related to the different European climatic zone. The amount of manure and mineral fertilization applied were retrieved from the Common Agricultural Policy Regionalized Impact (CAPRI) agro-economic model (Britz and Witzke, 2008) . It provided at NUTS 2 administrative level (Nomenclature of Territorial Units for Statistics) the mineral and organic nitrogen and phosphorus fertilizer application estimated from sectoral statistics and animal production levels.
A manual irrigation was applied selecting the irrigated HRUs for a total irrigated area around 25,000 ha in Chania, 9300 ha in Rethymno, 60,000 ha in Heraklion and 26,000 ha in Lasithi. The total abstractions for irrigation use in each Prefecture was 89 Mm /y) was implemented as outside-watershed source in the schedule management plan and the corresponding abstractions were subtracted from the daily deep aquifer recharge (DA_RCHRG, m 3 /s) (outside SWAT), so that the calibration of springs discharge in the karst-flow model was performed using the net of the abstractions.
The abstractions for drinking water, industry and olive mills (40 Mm 3 /y) were introduced in SWAT by subtracting water from the deep aquifer and shallow aquifer at monthly time step, while the abstractions for drinking water from the springs (24 Mm 3 /y) were subtracted from the daily deep aquifer recharge (DA_RCHRG) (outside SWAT).
The climate data used in this study include 69 stations with daily data for precipitation and 21 stations for temperature from 1961 to 2009. Monthly statistics of solar radiation, wind speed and relative humidity were calculated using the pan European high-resolution gridded daily data set EFAS-METEO, acronym of European Flood Awareness System -METEO (Ntegeka et al., 2012) for 29 stations uniformly distributed over the modeled territory.
The subbasins were split into elevation bands, and snow cover and snowmelt were simulated separately for each elevation band. In this study steep subbasins were subdivided into 4 classes of elevation.
Calibration of streamflow
For the calibration and validation of the Crete SWAT model 22 stations of streamflow were used. Based on the simplest test technique (Klemeš, 1986) , 15 of them were used for calibration and 7 for validation covering the period 1980-2009. The selected subbasins for calibration were headwaters and were uniformly distributed in the Island. The streamflow was calibrated in the 15 selected subbasins in different steps (''step-wise calibration") according to the involved hydrological process, providing a calibrated parameter set NOP (Near Optimal Parameters set). The obtained NOP set was then transposed in ungauged subbasins using the ''hydrological similarity approach".
The step-wise calibration is a procedure that allowed calibrating the different components of the streamflow according to different hydrologic processes underpinning each calibration objective. This procedure proposed by Pagliero et al. (2015) and Malagò et al. (2015) was performed using the SWAT-CUP (SWAT Calibration Uncertainty Procedures) programs and the SUFI-2 algorithm (Abbaspour, 2008) .
The calibration period covered 30 years from 1980 to 2009 with 10 years of warm up. Among several parameters in SWAT, 19 parameters (see parameters that refer to SWAT and SWAT/Adapted SWAT model in Table 2 ) were chosen for the streamflow calibration as the most sensitive and representative of each hydrological process involved in the calibration. The parameters and their initial ranges (Table 2) were selected based on preliminary model runs, literature reviews (van Griensven at al., 2006) and sensitivity test. It is noteworthy however that the parameters in karst-subbasins were not changed keeping the settings of the adapted SWAT model configuration as described in Table 2 .
In this work, since the streamflow data was only available at monthly resolution, the streamflow was not divided into the main components (surface runoff, lateral flow, baseflow). However, the calibration was still performed step wise:
Step 1: Calibration of total monthly flow in order to control the timing of runoff signal by adjusting the snow parameters by minimizing the coefficient of determination r 2 ;
Step 2: Calibration of total monthly flow using only the parameters that regulate the surface runoff process by minimizing the coefficient of determination r 2 ;
Step 3: Calibration of total monthly flow using only the parameters that regulate the lateral flow process by minimizing the coefficient of determination r 2 ;
Step 4: Calibration of total monthly flow using only the parameters that regulate the baseflow process by minimizing the Nash Sutcliffe Efficiency, NSE (Nash and Sutcliffe, 1970);
Step 5: Final step, calibration of total monthly flow using all previous parameters together with a reduced uncertainty ranges by minimizing the NSE coefficient.
The coefficient of determination r 2 (Taylor, 1990 ) was adopted as objective function for the first three steps and the NSE coefficient (Nash and Sutcliffe, 1970) was selected for the fourth and final step as described below. The selection of the objective functions is the result of several tests since the differences between objective functions on parameter sets could be quite striking (Abbaspour et al., 2015) . The calibration was performed using 1000 simulation runs at each step.
The regionalization and classification of ungauged subbasins
The Final Near Optimal Parameter set (NOP) of calibrated subbasins (called ''donors") was transposed to ungauged subbasins using the hydrological similarity approach. The measure of hydrologic similarity between subbasins is translated into subbasin characteristics which are common for gauged and ungauged watersheds. These characteristics that linked the subbasin characteristics with the hydrological responses have been performed in the literature (Shamir et al., 2005; Oudin et al., 2010) . However, for a comprehensive enlightenment of hydrological similarity approach the reader can refer to Wagener et al. (2007) and Sawicz et al. (2011) . The calibration for the parameters of the karst-subbasins were kept unchanged using the settings of the adapted SWAT model.
The hydrological similarity approach was performed using the PLSR (Partial Least Squares Regression) that allowed identifying similar subbasins based on the correlation between the watershed characteristics and the discharge characteristics. Following Malagò et al. (2015) , this correlation was performed using 17 gauged independent basins using the R package ''pls" (Mevic and Wehrens, 2007) . The gauging stations selected to perform the PLSR analysis involved stations from the group selected for the calibration and some from the validation group in order to identify a group of stations with almost 8 years of continuous data from 1988 to 1995 that allowed calculating robust statistical indices.
For the selected subbasins 20 independent variables representing the subbasin characteristics (''c" matrix) and 2 dependent flow variables (''q" matrix) were used in the PLSR analysis as the responses and regressors (q $ c) (Malagò et al., 2015) . The independent variables included river length (km), minimum, maximum and average elevation (m), median slope (%), content of clay and sand in the soil, percentage of different classes of land cover (%), percentage of karst area, mean annual precipitation (mm), minimum, maximum and average temperature (°C), annual potential evapotranspiration (mm) and average number of days with precipitation. The dependent variables included the mean annual discharge (mm/y) and the corresponding coefficient of variation. The PLSR analysis defined latent variables that were used to perform the classification of subbasins.
Due to the limited number of potential donors (15 subbasins, 4% of total number of subbasins), it was necessary to define ''hydrological regions" and then the ''classification" of similar subbasins was performed inside each region. For a review of regionalization techniques, the reader can refer to Parajka et al. (2005) .
Using the latent variables, the regionalization was performed with the Ward's hierarchical cluster analysis (Ward, 1963) based on the Euclidean distances and the classification of subbasins in donor's classes was pursued inside each hydrological region according to the K-Nearest-Neighbor using the R package ''supclust" (Dettling and Maechler, 2012) . The classification of each sub- Table 3 Comparison of observed and simulated streamflow in the period 1983-2009 after the introduction of the springs (complete validation): in the first two columns the code and name of the stations; in the third column the drain area (km basin allowed the automatic assignation of the NOP of ''donor subbasins" to the classified ungauged subbasins. In order to verify the strength of the parameters regionalization in the ungauged subbasins the model performance was evaluated using the percent bias (PBIAS; Gupta et al., 1999) between monthly observed and simulated streamflow at seven gauging stations. This was an intermediate validation that anticipated a final complete validation performed in all gauging stations after the introduction of springs in the model as described in the next paragraphs.
The calibration of springs and delineation of karst recharge area of each spring
The springs were calibrated using the daily recharge of deep aquifer (DA_RCHRG) from the adapted SWAT model, except for Spring SP54 (Almiros Heraklion) that was calibrated using DA_RCHRG at monthly time step. The springs were calibrated manually changing parameters of the karst-flow model in reasonable ranges: the initial karst flow (m 3 /day), the fractions a 1 , a 2, and the recession constants k u and k l (1/d) for each reservoir as show in Table 2 . This process ended when the Normalized Root Mean Square Error (NRMSE) calculated using the simulated and observed values for each spring was minimized.
42 springs out of 47 were calibrated having hypothesized that some springs drained the same karst area. This assumption was strongly correlated to the neighborhood location of these springs that didn't allow distinguishing the contribution of deep aquifer recharge from the same karst-subbasins; hence SP12 and SP13, SP44 and SP45, SP4 and SP50, SP7, SP18 and SP19 were grouped into SP12-13, SP44-45, SP18-19-7 and SP4-50.
The springs were entered as points sources in the model and the associated calibrated monthly Q k (m 3 /s) were implemented as input data in SWAT. For each spring the karst recharge areas (inside and outside the hydrological boundary) was defined as sum of subbasins areas whose deep aquifer recharge contributes to a specific spring.
The subbasins that contributed to spring flow through their deep aquifer recharge in the karst-flow model were not necessarily hydrologically connected. The linkage between these subbasins and the springs represented the movement of water through the cave systems whose spatial extent and organization was different from the surface subbasin hydrologic boundaries.
The performances of the karst-flow model were evaluated by visual comparison of measured and simulated hydrographs of springs and using performance indicators including the Normalized Root Mean Square Error (NRMSE), the percent bias (PBIAS; Gupta et al., 1999) , the coefficient of determination r 2 multiplied by the slope of the regression line between simulated and observed values (br 2 ; Krause et al., 2005) to overcome the intrinsic weakness of each indicator (Bennett et al., 2013) .
Final calibration and complete validation
After the introduction of calibrated springs in the SWAT model as point sources, an additional manual calibration was necessary to adjust the water discharge including peaks and baseflow since the addition of the spring contribution modified the already calibrated discharge. In particular, the effective hydraulic conductivity in main channel (mm/hr) in Messera, Anapodiaris and in Petras Basins was adjusted (Table 2) . Finally, the complete SWAT model was validated using the whole dataset of streamflow gauging stations in order to evaluate the model performance after the introduction of the springs. Similarly to calibrated streamflow and spring's discharges, the complete SWAT model was validated comparing monthly observed and simulated streamflow in the period 1983-2009 calculating the NRMSE (%), PBIAS (%), the Nash Sutcliffe efficiency (NSE), br 2 and r 2 .
Results and discussion
Hydrological simulation
The performance indicators obtained comparing the monthly observed and simulated streamflow for the 22 stream gauging stations after calibration, regionalization and the introduction of the calibrated springs are summarized in Table 3 .
It is noteworthy that about 64% of the calibrated gauging streamflow stations reached satisfactory PBIAS% (values in the range ± 25%), while only 40% had NSE greater than 0.5 (see Moriasi et al., 2007 for performance rating as reference). Furthermore, 50% and 36% of calibrated streamflow gauging stations reached respectively r 2 and br 2 larger than 0.5. Fig. 5 shows some examples of comparison of hydrographs. Even though some of the statistical indicators did not score very high, the hydrographs comparison illustrates that the model was able to reproduce accurately the monthly variations over a long period of simulation even in subbasins influenced by excessive water pumping, such as STR16.
This gauging station was fed by precipitation and discharge of spring SP16. After the year 1990, the spring's discharge was diverted to supply domestic uses reducing drastically the streamflow in particular during the summer and autumn.
It was estimated that the percentage of streamflow gauging stations that reached satisfactory PBIAS (PBIAS < ±25%, Moriasi et al., 2007) increased from 59% to 64% adding spring's discharges in the SWAT model highlighting the significant influence of springs in the water balance of Crete. Fig. 6 shows the PBIAS cumulative curves of performance indicators calculated between monthly Table 4 Comparison of observed and simulated spring discharges in the period 1983-2009: in the first two columns the code and name of the stations; in the third the karst area that contributes of each spring (km 2 ) and involves the area inside the hydrological basin and outside; the % data represents the percentage of observed values (once a month) in the period 1983-2009 (324 total months); the observed and simulated volumes are respectively Mm 3 /year OBS and SIM; the performance indicators calculated between daily observed and simulated spring discharges are the normalized root mean square error (NRMSE%), the percent bias (PBIAS%), the Nash Sutcliffe Coefficient (NSE), the coefficient of determination (r 2 ) and the coefficient of determination multiplied by the slope of the regression line between simulated and observed values (br 2 and observed streamflow before and after the introduction of springs as point sources in the SWAT model. In particular, streamflow discharge of gauging stations STR32 (Koiliaris), STR16 (Avli), and STR10 (Koutsoulidis) were strongly influenced by the discharge of springs SP41 (Stylos), SP14-SP25 (Migilisi and Emparos) and SP20 (Zaros), respectively. For STR32 the PBIAS decreased to 3% and the NSE increased to 0.68, for STR16 the PBIAS% reached 11%, and finally for STR10 the PBIAS% and NSE were also satisfactory reaching 17% and 0.83 respectively (Table 3) .
These results demonstrated that the karst-flow model correctly simulated the discharge of springs increasing the SWAT model performance. Fig. 7 shows some examples of comparison between daily observed and simulated spring flows (only for SP54 monthly comparison), and Table 4 summarizes the comparison between monthly and observed long-term annual discharge on the period 1983-2009 and the performance indicators for all springs. It is noteworthy that for more than 70% of the calibrated springs the PBIAS% is within the range of ±25%, indicating that the performance of the karst-flow model was satisfactory (Moriasi et al., 2007) . NSE was positive for 80% of calibrated springs, while r 2 and br 2 had a wide range of values with around 50% of the values larger than 0.4. However, the karst-flow model markedly overestimated the discharge for springs SP4-50 (Agios Georgios Sitia-Sikia Sitia), SP14 (Avli Migilisi), SP16 (Mega Vrisi), SP41 (Stylos) and SP51 (Loutraki) maybe due to the quality of the observed data.
Concerning SP41, the most studied spring in Crete (Nikolaidis et al., 2013; Moraetis et al., 2010; Kourgialas et al., 2010) , was intentionally calibrated to overestimate the flow in order to take into account the contribution of ungauged springs. Nikolaidis et al. (2013) To the best of our knowledge this work was the first estimation of karst recharge areas of all gauged springs in the Island of Crete, providing valuable information for water resources management. The only exception was the karst area drained by Almiros Spring and the knowledge of extended areas (outside the hydrological boundary of basin) of springs in Koiliaris Basin. Bonacci and Fistanic (2006) pointed out the difficulties to define the karst area drained by Almiros Spring due to complex geology and hydrogeology. There were different assumptions of its boundaries and size which varies from 300 km 2 (Arfib et al., 2000) to 500 km 2 (Lambrakis et al., 2000) . However, Bonacci (1995) and Bonacci and Ljubenkov (2005) estimated the karst recharge area of Almiros of about 300 km 2 , similar to our finding. The area outside the Koiliaris Basin that contributed to the karst recharge area of Stylos Spring and other ungauged springs in Koiliaris Basin was estimated around 80 km 2 (7 subbasins that contribute with 70% of their total area). As a consequence, more than 60% of karst recharge area of Koiliaris springs was outside the boundary of the hydrological basin. This result was confirmed by Nikolaidis et al. (2013) that estimated an extended karst area of springs in Koiliaris Basin of 79 km 2 based on hydrologic modeling and geologic cross-sections. Albeit this approach may be criticized by the fact that karst recharge areas should be only delineated based on hydrogeological considerations derived, i.e. by tracer tests, it has to be taken into account that there are limits in the use of tracer studies in karst areas such as in Koiliaris basin. In a geological karst area which discharges a large volume of water there is a risk of high degree of dilution of tracers (Knithakis, 1995) which in turn limits the usefulness of the methods in delineating the extend area. In addition, breakthrough curves are highly dependent on the flow conditions, often necessitating the repetition of the tracing experiment under low flow and high flow conditions as observed by Goldscheider (2005) and Ravbar et al. (2011) .
Spatial and temporal variation of hydrological components in Crete
The mean annual precipitation ranges from 550 mm (driest year) to 1400 mm (wettest year) during the period 1983-2009, with a decreasing gradient from west to east. The precipitation was higher at high elevation, reaching more than 2500 mm in the wet years (1996, 1997, 2001 and 2003) and around 1000 mm in the central north areas, while in the plain areas and along the south cost the average annual rainfall was below 1000 mm.
The mean calculated actual evapotranspiration of Crete varied from 340 mm/y (driest year) to 390 mm/y (wettest year) reaching the maximum values long the north coast and, in particular in Karteros, Aposelemis, Tzermiadon, Myrtos and Anapodiaris basins (east-central part of Crete).
Large values of surface runoff were simulated in the western part of Crete and in particular in Tavronitis Basin with maximum value in wet years, such as in 1997 and 2003 (more than 1100 mm). Minor contributors to the water balance include lateral flow and baseflow. The baseflow reached high values in Kourtaliotis, Akoumianos and Platis basins (south-central Crete). The annual and spatial variations of deep aquifer recharge were strongly correlated to the precipitation, as a consequence in zones with high precipitation the deep aquifer recharge reached the largest values since the main mountainous systems were associated with the most important karst systems, allowing water to penetrate directly to the deep aquifer as showed in Fig. 9 . In particular, Fig. 9 illustrates how precipitation, evapotranspiration and recharge of the deep aquifer change during the year. Precipitation and deep aquifer recharge changed during the year decreasing from January ($1120 and 463 Mm 3.4. The estimated water balance of Crete Chartzoulakis et al. (2001) and many other studies (RCG, 2002; Vardavas et al., 2004; MEDIWAT, 2013; Koutroulis et al., 2013; Baltas and Tzoraki, 2013) pointed out the importance of the evapotranspiration on the water balance of the whole Crete giving infiltration a secondary role. Conversely to these findings, the Crete SWAT model has allowed the estimation of the water balance of Crete resulting in significantly different estimates. Fig. 10 summarizes the percentage of flow contribution of the water balance main components with respect to the long-term average volumes and different hydrological conditions during the period 1983-2009. In addition, Fig. 11 represents the previous results following the KSWAT model approach providing a more readable and systematic information of the fluxes.
The evapotranspiration volume ranged from around 2250 Mm 3 /y in the driest year to 2500 Mm 3 /y in the wettest year exhibiting a small variation in terms of absolute values but with a significant variation with respect to the total volume of precipitation (Fig. 10) . In the wettest year the main component of hydrological processes was the deep aquifer recharge, while in the driest year the evapotranspiration had the main role. From dry to wet year the surface runoff increased from 95 Mm 3 /y to more than 800 Mm 3 /y and the total net water available in the deep aquifer increased from 550 Mm 3 /y to around 3500 Mm 3 /y in dry and wet year, respectively.
As a consequence, during the wet conditions there was high infiltration, but also the surface runoff was larger than that during driest and normal hydrological condition. On the other hand, in dry years there was also significant percolation to the deep aquifer (1000 Mm 3 /y). This result was also highlighted by Hartmann et al. (2014 Hartmann et al. ( , 2015 pointing out that karst regions might be more resilient to climate change in terms of both flooding and droughts. Furthermore, the authors demonstrated the existence a nonlinear relationship between precipitation and recharge rate indicating that the recharge of deep aquifer is more sensitive to a decrease than to an increase of precipitation (Hartmann et al., 2014) . This was confirmed also in this study where the total deep aquifer recharge was estimated 28% of precipitation in driest year, while was 50% in wettest year departing of 16% and 6% from normal conditions, respectively. Concerning the percentage of water balance components (Fig. 11) , it was estimated that from the total precipitation of /y about 40% was lost through evapotranspiration, 55% infiltrates and only 5% was surface runoff. The surface runoff including lateral flow (LATQ), baseflow (GWQ 1 ) and spring's discharge (Qkin) contribution to streamflow represents 22% of total precipitation. The total amount of deep aquifer recharge was around 44% of which 14% contributed as springs discharge to streamflow (Q in = 9%) or sea (Q out = 5%) (Fig. 11b) . These percentages were valid for all years in normal hydrological conditions (for instance year 1987), but they changed in extreme hydrological conditions. Considering the driest year (year 1990, Fig. 11a) , it was estimated that from the total precipitations of 3700 Mm 3 /y about 60% was lost through evapotranspiration, 37% infiltrated and only 3% was surface runoff. The amount of deep aquifer recharge decreased with respect to the normal hydrological condition to 28% of which 13% contributed as springs discharge to streamflow (Q in = 9%) or sea (Q out = 4%). The total contribution to freshwater decreased to 14% with respect to the normal condition.
In the wettest year (year 2003, Fig. 11c) , considering a total volume of precipitation around 9600 Mm 3 /y, evapotranspiration was estimated around 26%, 65% was infiltration and 9% was surface runoff. The deep aquifer recharge reached the highest percentage of 50% and the water yield increased to 28%. Our work has shown that the evapotranspiration ranged between 2250 Mm 3 /y in a driest year and of 2500 Mm 3 /y in wettest year, corresponding to 60% and 26% of total precipitation, respectively. These results suggested the importance of karst water supply during dry periods.
Strengths and challenges of the karst modeling approach
The modeling approach proposed in this study allowed achieving satisfactory simulations of streamflow and springs discharges at monthly and daily time step respectively across the whole Crete Island. These temporal resolutions are inherently linked to the available input data (Table 1) , the nature of the simulated hydrologic processes and the modeling objectives (Baffaut et al., 2015) . Conversely to previously studies that focus mainly on annual or long-term mean annual prediction (i.e. Malard et al., 2015) , here the monthly simulations of streamflow have allowed capturing the seasonal variations and gathering precious information for a better water resources management. Similarly, the daily simulated springs discharges provided information of each karst recharge area and the spring hydrograph, if further investigated, can also express some geometrical and hydraulic characteristics of aquifers (Fiorillo, 2014) .
Furthermore, the spatial and temporal (annual and monthly) distribution of simulated water resources (i.e. precipitation, deep aquifer recharge, evapotranspiration and runoff) and the mean annual water balances in different hydrological conditions are important benefits of the present work.
Despite these strengths, the modeling approach suffers from some limits. For instance, the monthly time step of streamflow has limited the application of step-wise calibration not allowing a reliable estimation of each component of the streamflow. Furthermore, in data scarce areas, where only annual time step is available and spatial data has coarse resolutions, the reproducibility of the KSWAT model needs some adaptations that should be evaluated case by case. Likewise, the knowledge of springs discharges and their position is vital and in extremis they could be approximated using literature information. In this context, soft data has an important role and should be seen as injections of some insightful common sense into the automatic or semiautomatic calibration procedure (Seibert and McDonnell, 2002) . For instance, Malard et al. (2015) used 42 alpine and peri-alpine specific springs discharges from literature as references sites in Switzerland for karst recharge assessments, and Hartmann et al. (2015) used 40 independent observations of mean annual recharge both from field and modeling studies over Europe and Mediterranean.
Finally, albeit the identification of karst recharge areas of each spring is a valuable aspect of the KSWAT model, the associated uncertainty was not object of this study and this topic deserves further investigations that may involve climatic and topographic descriptors as pointed out in Hartmann et al. (2015) .
Conclusion
In this study the SWAT model was adapted and integrated with a karst-flow model to simulate the karst water resources in the Island of Crete. The KSWAT model allowed calibrating the daily spring discharges in 47 gauging stations, estimating their karst recharge areas and their introduction in the SWAT model increased the performance of streamflow prediction in karst-subbasins. These springs contributed significantly to total discharge with 300 Mm 3 /y in dry hydrological condition, ensuring ecological services (Malard et al., 2015) , and 850 Mm 3 /y in wet periods. In addition, the seasonal variation of volume of springs suggests that these valuable sources should be conserved and preserved in particular from April to September when available volumes are the lowest and agriculture and tourism demand increases.
The analysis of the water balance also showed that water resources are not homogeneously distributed in Crete and change significantly in different hydrological conditions. In particular, the western part of Crete has a surplus of water resources with respect to the eastern part where there is low water availability and high demand. Messara Valley (Geropotamos Basin) is an example of intensively managed basin in south-eastern Crete where an overexploitation of groundwater is occurring in a large number of wells since 1984 that continue to decrease groundwater levels at alarming proportions (Kritsotakis and Tsanis, 2009) .
In this context, the present study provides a methodology and a tool for the integrated water management of Crete and other similar areas, by providing detailed spatially distributed hydrologic balances and accurate estimation of water availability using both hard and soft data.
